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Abstract

Perennial grasses are an important pasture forage source for the animal production industry around the world.
However, the lack of available water limits the use and efficiency of the water resource for maximizing the
forage yield. Furthermore, the highest perennial grasses production is obtained in southern Chile, where the
frequency and intensity of the rainfalls has been significantly diminished in the main growing period. Thus,
the purpose of this research was to evaluate the responses of forage yield (𝐹𝐹𝐹𝐹) and irrigation water use
efficiency (𝐼𝐼𝑊𝑊𝑊𝑊𝑊𝑊 ) under different levels of water stress on perennial grasses sown in Chile. The experiment
was conducted at the Regional Research Center Carillanca of the Instituto de Investigaciones Agropecuarias
(INIA-Carillanca), Región de La Araucanía, Chile (38°41' LS; 72°24' LW; 188 m above sea level) during the
2017/2018 season. Four treatments of water stress were established: T1 (non-stressed: the soil moisture was
always between readily available soil water and field capacity), T2 (80% irrigation application of T1), T3 (60%
irrigation application of T1) and T4 (only rainfed). Seven perennial grasses were used: Chilean materials of
Bromus valdivianus Phil (Bromino INIA, Bronco INIA, 3287 and 3771), Lolium perenne L. (Nui), Festuca
arundinaceae Schreber (Kora) and Dactylis glomerata L. (Greenly). The soil water content at each water level
condition was monitored using FDR sensors. The 𝐹𝐹𝐹𝐹 and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 were measured during all season, but in this
study only shows data during maximum water demand period (January-February) reaching 2 cuts. Strip-plot
statistical design with 7x4 factorial arrangements and three repetitions was used in this study. There were
significant differences in 𝐹𝐹𝐹𝐹 and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 between perennial grasses and deficit irrigation condition. Some
Bromus materials had the highest values of 𝐹𝐹𝐹𝐹 and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼, statistically similar to tall fescue Kora. These
results are promising to find Chilean native perennial grasses materials that adapt better to water-limited
conditions.

Introduction

Perennial grasses are an important pasture forage source for animal production industry around the world. The
Araucanía (from 37.5° to 39.5° S and 71° to 74° W), Los Ríos (from 39.5° to 40.5° S and 71° to 74° W) and
Los Lagos (from 40.5° to 44.0° S and 71 to 74 W) regions in Southern Chile represents about 48% of the total
area for the natural and improved pastures production, producing close to 70% of the country's milk and most
of the beef meet (INE 2007). However, the lack of persistence has been a problem in most of the farms due to
low survival of plants caused mainly by biotic and abiotic factors, type of genotype, and agricultural
managements (Nie et al. 2008; Neal et al. 2009). Furthermore, in southern Chile, the survival of perennial
grasses may be moreover reduced due to changes in the quantity, distribution and frequency of rainfall patterns,
and extreme heat events during maximum water demand period (López-Olivari and Ortega-Klose 2020). A
possible alternative to avoid reducing the high dry matter production existing in southern Chile is the
incorporation of deficit irrigation (𝐷𝐷𝐷𝐷) concept, where it is an irrigation strategy management that could be
applied in zones that present limited-water conditions. In this context, the propose of this study was to evaluate
the response in dry matter production (𝐷𝐷𝐷𝐷𝐷𝐷) and irrigation water use efficiency (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) under different levels
of water stress on perennial grasses.

Methods and Study Site

The study was carried out at the Regional Research Center Carillanca of the Instituto de Investigaciones
Agropecuarias (INIA-Carillanca), Región de La Araucanía, Chile (38°41′ S, 72°24′ W, and its elevations is
188 m above sea level). Seven perennial grasses such as Bromus valdivianus Phil (Bromino INIA, Bronco
INIA, 3287 and 3771), Lolium perenne L. (Nui), Festuca arundinaceae Schreber (Kora) and Dactylis
glomerata L. (Greenly) were sown in autumn of 2017 with a sowing rate of 27, 20, 20 y 12 kg ha-1, respectively.
The total surface of the experiment over flat ground was 179.5 m2 including the main aisles. Within that area,
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three repetitions of 51.8 m2 each (6.48 × 8 m) were employed. The vertical-strip plots were the perennial
grasses materials (7 strips of 7.2 m2: 8 × 0.90 m including both border row), and the horizontal-strip plots were
the irrigation treatments (4 strips of 12.96 m2: 6.48 × 2 m including the border rows) which were always
perpendicular to each other. Thus, the intersection plots were 1.8 m2 each (4 rows separated by 0.18 m of 2 m
of length each and two borders of 0.09 m on each side). A typical temperate climate is found in the experiment
zone as described by López-Olivari and Ortega-Klose (2020). In the experimental site the soil presented a silty
clay loam texture (INIA-Chile certified soil laboratory) for the effective rooting depth (𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 , 0-30 cm) with
values of bulk density, pH and organic matter (𝑂𝑂𝑂𝑂), field capacity (𝐹𝐹𝐹𝐹) and wilting point (𝑊𝑊𝑊𝑊) equal to 0.59
Mg m-3, 6.2, 19.3%, 45.9 and 23.5 m3 m-3, respectively. Four treatments of water levels were implemented: T1
(full irrigation), T2 (80% irrigation application of T1), T3 (60% irrigation application of T1) and T4 (only
rainfed). The amount of irrigation applied per treatment was defined through the flow rate per linear meter by
varying the distance of the drippers (pressure-compensating button drippers, Netafim Ltd, Tel Aviv, Israel).
For T1, a discharge of 6.0 l/h/lineal meter (2.0 l/h each and separated at 0.33 m) was used, while for T2 and
T3, a discharge of 4.8 l/h/lineal meter (1.2 l/h each and separated at 0.25 m) and 3.6 l/h/lineal meter (1.2 l/h
each and separated at 0.33 m) was used, respectively. The irrigation water supplied for T1 treatment was
determined using the total available soil water (𝑇𝑇𝑇𝑇𝑇𝑇; mm), soil water depletion fraction (𝑝𝑝 = 0.60) and
readily available soil water (𝑅𝑅𝑅𝑅𝑅𝑅; mm) concepts following the FAO methodology found in Allen et al. (1998).
Thus, the irrigation was done when 60% of 𝑇𝑇𝑇𝑇𝑇𝑇 was depleted from 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 for T1 treatment. The irrigation
frequency was determined using in each repetitions a set FDR volumetric moisture sensor (Function Domain
Reflectory; ECH2O EC-5, Decagon Devices, Inc.) installed at a depth of 10 cm and another at 30 cm for T1,
while for T2, T3 and T4 a FDR probe was installed at a depth of 30 cm in each plot. The irrigation time was
calculated using 𝑅𝑅𝑅𝑅𝑅𝑅, the flow rate of the emitters and irrigation efficiency. The FDR sensors was calibrated
following the proposed by López-Olivari and Ortega-Klose (2020). On the other hand, the forage yield (kg
DM ha-1) was evaluated during the maximum demand period by water from the atmosphere (2 cuts) between
January and February 2018. A total of 252 subsamples were harvested in the central meters of each intersection
plot. These were then weighed and dried in a forced-air oven at 65°C until constant weight was achieved. Also,
the irrigation water use efficiency (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) was computed as the ratio between the dry matter yield (kg DM ha1
) and quantity of applied water (m3 ha-1) for each cut evaluated. Finally, strip-plot statistical design with 7x4
factorial arrangements and three repetitions was used for measuring the interaction effect between perennial
grasses materials and irrigation levels on the variables evaluated and calculated (Gomez and Gomez 1984).
Analyses of variance (ANOVA) were performed on the variables measured and computed among each cut.
The mean comparison was done using Tukey’s HSD test at p ≤ 0.05.

Results

Variation of volumetric soil moisture
The fourth and fifth cut of the different perennial grasses were observed in the periods of maximum
atmospheric demand and critical growing stages (Figure 1). The third cut represent the previously cut before
the beginning of the maximum atmospheric demand and the irrigation period. The variation of volumetric soil
moisture (θ) values started at the beginning of December 2017 month. Thus, the θ values of T1 treatment were
always between 𝑅𝑅𝑅𝑅𝑅𝑅 and 𝐹𝐹𝐹𝐹 range. While for irrigation levels of T2 and T3, the θ values were within the
same soil moisture range as T1, but the magnitude of the values were lower and different compared to T1. For
T4, the values of θ were continually diminished reaching the value of WP during the period of maximum
atmospheric demand. Finally, the quantity of irrigation water applied for T1, T2, T3 and T4 between third and
fourth cut were of 124, 100, 75 and 1.8 mm, respectively. While 127, 102, 77 and 3.9 mm of irrigation water
were applied between fourth and fifth cut for T1, T2, T3 and T4, respectively. In both cases, the among of
irrigation water values for T1, T2 and T3 effective rainfall was include.
Forage yield (𝑭𝑭𝑭𝑭) and irrigation water use efficiency (𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰)
The total values of 𝐹𝐹𝐹𝐹 and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 during the maximum atmospheric demand for the 2017/2018 season are
shown in Table 1. During the first evaluated growing year, T1 was statistically similar to T2 and T3 reaching
values of forage yield above 4000 kg ha-1. It should be noted that from the fifth cut, the levels of irrigation
applied began to have a statistically significant effect. For the fourth cut (after 3 levels of irrigation applied),
the main factor of dry matter production depended mainly on the type of perennial grasses. Thus, in the fourth
cut, the genotypes of Bromus valdivianus Phil as 3771, 3287 and Bronco INIA presented the highest 𝐹𝐹𝐹𝐹
reaching values of 1815, 1643 and 1634 kg DM ha-1, respectively (data no shown). Furthermore, the highest
values of total 𝐹𝐹𝐹𝐹 were mainly reached by Bromus valdivianus Phil and Dactylis glomerata L. perennial
grasses species for all levels of irrigation treatments evaluated (Table 1). It is possible to apply irrigation water
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between 20 and 40% lower than T1 reaching a decrease in the total 𝐹𝐹𝐹𝐹 equal to 0.45 and 0.61 t ha-1,
respectively. The highest 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 values for the fourth and fifth cuts was obtained for T3 (60% of T1) in all
evaluated genotypes reaching between 1.94 and 2.95 kg DM m-3, respectively. The genotypes that produced
the highest values of dry matter per m3 of irrigation water applied in the fourth and fifth cuts were the Bromus
valdivianus Phil, Dactylis glomerata L. and Festuca arundinaceae Schreber. However, the genotypes most
adapted to decreases in the amount of irrigation water were of the Bromus valdivianus Phil type, reaching
average values of 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 up to 3.0 kg DM m-3 for all levels of irrigation treatments evaluated in the fifth cut
(data no shown).

Figure 1. Daytime variation of volumetric soil moisture and rainfall measured during the maximum
atmospheric demand for the season 2017/2018. T1: full irrigation, T2: 80% of T1, T3: 60% of T1 and T4:
rainfed. The 𝑅𝑅𝑅𝑅𝑅𝑅 is the readily available soil water (𝑝𝑝 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇). 𝐹𝐹𝐹𝐹 is soil moisture at field capacity, and 𝑊𝑊𝑊𝑊
is soil moisture at permanent wilting point.

Table 1. Total values of forage yield (𝐹𝐹𝐹𝐹) and average irrigation water use efficiency (𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼) for the different
irrigation water levels (𝐼𝐼𝐼𝐼𝐼𝐼) and perennial grasses (𝐺𝐺) evaluated during the maximum atmospheric demand
for the 2017/2018 season.
Treatments
Irrigation water Levels (𝑰𝑰𝑰𝑰𝑰𝑰)
T1 (full irrigation)
T2 (80% of T1)
T3 (60% of T1)
T4 (rainfed)
Significance ANOVA
Genotypes (𝑮𝑮)
Bronco INIA (Bromus valdivianus Phil)
3771 (Bromus valdivianus Phil)
Greenly (Dactylis glomerata L.)
3287 (Bromus valdivianus Phil)
Bromino INIA (Bromus valdivianus Phil)
Kora (Festuca arundinaceae Schreber)
Nui (Lolium perenne L.)
Significance ANOVA
𝑰𝑰𝑰𝑰𝑰𝑰 x 𝑮𝑮
Significance ANOVA

𝑭𝑭𝑭𝑭
(Kg DM ha-1)

𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰
(kg DM m-3)

4338.1 a
3868.4 ab
3732.3 ab
3296.5 b
*

1.72 b
1.91 b
2.43 a
**

4453.9 a
4406.3 a
4060.2 a
3957.3 a
3673.7 ab
3203.1 ab
2907.0 b
***

2.41 a
2.27 ab
2.21 ab
2.12 ab
1.91 ab
1.68 ab
1.54 b
**

n.s.

n.s.

p. 4
Means in a column with the same letter are not significantly different according to test Tukey HSD (p ≤ 0.05). ANOVA
(*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; n.s.: not significance when p > 0.05).

Discussion

Due to the water-limitation conditions (rainfall or Irrigation water) present in several parts of the world, it is
necessary to found irrigation strategies and perennial grasses genotypes better adapted to the water scarcity
scenarios. Thus, the deficit irrigation (DI) technique could be an alternative to improve the water use
efficiency, water productivity and the marginal irrigation responses in several perennial grasses species
(Rawnsley et al. 2009; Ates et al. 2013). Also, DI strategy can maintain the pasture in a responsive state and
makes more efficient use when rainfall events occur during the period of maximum water demand (Rawnsley
et al. 2009). However, the 𝐹𝐹𝐹𝐹 responses of the perennial grasses subjected to different DI strategies could vary
according to the species, cultivar, and meteorological local conditions (Neal et al. 2009). Currently, the
pastures must produce more dry matter forage yield with the same or minor quantity of irrigation water applied
or water used (evapotranspiration). It is necessary that the pasture breeding programs develop perennials
grasses or forage cultivars with more plasticity, resilient or adaptive strategies under different ambients, biotic
and abiotic stress conditions (Volaire et al. 2014). In this context, the evaluation of native perennial grasses
presents in southern of Chile (Bromus valdivianus Phil) and other exiting materials around the world under
deficit irrigation or water stress conditions could be a novel alternative for maintaining a stable and sustainable
dry matter productivity in zones with low water available for irrigation or change in the rainfall patterns with
decreasing natural water precipitation.
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